Purpose of Review CRISPR-Cas9-mediated genome editing holds promise for the future correction of congenital defects in vivo, providing potentially curative interventions for numerous intractable diseases. Nevertheless, the bacterial origin of the Cas9 endonuclease raises the spectre of pre-existing immunity that threatens to undermine the success of this powerful technology, necessitating a careful assessment of the potential risks involved. Recent Findings Given that genome editing commonly exploits the specificity of Cas9 endonucleases from species of bacteria that are a common cause of infection in humans, the recent discovery of neutralising antibodies in the sera of healthy individuals is consistent with pre-existing immunity. Furthermore, the demonstration of T cell responses to Cas9 epitopes suggests that cells and tissues successfully targeted for correction of congenital mutations may be rendered vulnerable to cytotoxic T cell lysis, potentially confounding any future benefits to human health. Summary Although the full impact of pre-existing immunity to Cas9 on the success of in vivo genome editing has yet to be fully determined, it is timely to discuss ways of evading destructive immunity to ensure that its future potential is fully realised.
Introduction
Heralded by Science as its breakthrough of the year 2015 [1] , the discovery of the clustered regularly interspaced palindromic sequences (CRISPR)-Cas9 system for genome editing offers a new age in humanity's interaction with its own genetic code. By offering opportunities for the introduction of subtle changes directly into the genome, CRISPR-Cas9 has already proven to be a powerful tool for the generation of novel animal models of human disease [2] [3] [4] and, controversially, the genetic modification of human embryos [5•] , culminating in the widely condemned birth of twins in China rendered immune to HIV-1 infection [6] . While such misuse of a promising technology continues to attract most attention, a far more important application may involve the development of therapies for human illnesses, such as sickle cell anaemia and Duchenne's muscular dystrophy (DMD) that traditionally have been intractable to treatment: indeed, various clinical trials for cancer immunotherapy are currently underway, the majority based in China, which exploit the capacity for ex vivo editing of cells using CRISPR-Cas9 and their readministration to patients, suggesting that a revolution in genome editing continues to gather pace [7, 8] .
CRISPR-Cas9 represents the latest in a long line of tools for editing the human genome that have included zinc-finger nucleases (ZFNs) and TAL effector nucleases (TALENs), but is undoubtedly the most rapid and efficient method of genome editing developed so far (reviewed in [9] [10] [11] [12] [13] [14] [15] ). The system derives from a primitive form of adaptive immunity found in numerous species of bacteria and archaea, which is based around a means for archiving short sequences of foreign phage DNA at the CRISPR loci. When transcribed, these sequences serve as antisense RNA guides that provide a record of past infections with bacteriophages and, when complexed with Cas proteins, can recognise and cleave foreign genetic material of the same origin upon subsequent infection [16] . The capacity to introduce double-strand breaks at specific locations within target DNA has been adapted for the purpose of genome editing of mammalian cells through the design of a This article is part of the Topical Collection on Cellular Transplants short oligonucleotide complementary to the target sequence. So-called single-guide RNAs (sgRNAs) are composed of a 20-nucleotide sequence at the 5′ end that confers specificity and a double-stranded structure at the 3′ end that interacts directly with the Cas9 nuclease. The ability to introduce a targeted DNA double-strand break may be exploited for the insertion or deletion of sequences or the correction of deleterious mutations through the provision of an exogenous DNA donor repair template which may be incorporated through homology-directed repair (HDR) pathways. Given that exquisite specificity may be conferred by sgRNAs that are straightforward to synthesise, the CRISPR-Cas9 system has significant advantages over other gene editing tools, such as the ZFNs, which require substantial protein engineering to confer a similar level of specificity [16] .
In an effort to fully hone the utility of CRISPR-Cas9 for use in clinical trials, most progress has been made in the areas of specificity, delivery and efficacy [17] . Efforts to create a highfidelity Cas9 enzyme and Cas9-directed base editors have already increased efficacy of genome editing and reduced the incidence of potentially deleterious off-target effects [18••] . However, other challenges may ultimately derail the upward trajectory of such a powerful development, including unexpected interference from the immune system of the recipient. Since Cas9 is a protein of microbial origin with orthologs across many species including the common human pathogens Streptococcus pyogenes (SpCas9) and Staphylococcus aureus (SaCas9), it is conceivable that there is widespread preexisting immunity throughout the human population. It has been estimated, for instance, that at any time, as many as 40% of people are colonised by S. aureus [19] while approximately 12% of children under 18 may harbour asymptomatic infections of S. pyogenes which, under certain circumstances, may become opportunistic, resulting in pharyngitis or pyoderma. Such routine exposure to the organisms from which Cas9 is commonly derived has led to the screening of healthy individuals for hallmarks of immunity that might confound attempts to exploit the unique properties of this nuclease for therapeutic purposes.
Evidence of Humoral Immunity to Cas9
The first evidence of humoral immunity to Cas9 was suggested in a seminal study by Wang and colleagues in which CRISPR-Cas9 was used to disrupt Pten gene expression in the hepatocytes of mice, thereby creating an effective model of human non-alcoholic steatohepatitis (NASH) [2] . Although genome editing was successfully achieved, the authors observed SpCas9-specific antibodies of the IgG1, IgG2a and IgG2b isotypes 14 days later, findings that have since been independently verified [2, 20] , confirming the immunogenicity of the enzyme. In these studies, the CRISPR-Cas9 system was delivered via adeno-associated viral vectors (AAV), preferred for their serological compatibility with a large proportion of the human population, their lack of pathogenicity and capacity for a semi-selective biodistribution [2] . Given that this approach elicited humoral responses, despite delivering the genes encoding SpCas9 directly to the target cells, it might be anticipated that the injection of pre-assembled SpCas9 ribonucleoprotein (RNP) complexes into the circulation would have a far higher likelihood of eliciting primary responses or succumbing to neutralisation by pre-existing antibodies. While these findings might caution against such a mode of delivery, the direct i.v. administration of the genome editing machinery was recently favoured by Sangamo Therapeutics in a groundbreaking trial for the treatment of Hunter's syndrome, albeit using ZFNs rather than CRISPR-Cas9 RPN complexes. Furthermore, the direct injection of SpCas9-sgRNA complexes into the tail veins of mice has been shown to correctly target hepatocytes at a frequency of 1/250 cells [4] . This efficacy might be significantly improved with the use of Cas9 orthologs from thermophiles such as Geobacillus stearothermophilus displaying significantly greater stability in human plasma compared to SpCas9, which is rapidly inactivated [21•] . Furthermore, as demonstrated by Wang and colleagues [2] , the delivery of CRISPR-Cas9 via viral vectors does not preclude the induction of humoral responses to the Cas9 cargo: indeed, immunogenicity is arguably exacerbated by additional responses directed to the viral vectors which might serve the role of an adjuvant, providing multiple levels of potential sabotage. Consequently, it may yet prove premature to dismiss the direct i.v. administration of RNP complexes as a mode of delivery, raising questions as to whether Cas9 might induce similar responses in man as observed in mouse models.
Theoretical approaches to this question support the potential for humoral immunity to Cas9 in humans. Phage display may uncover potential conformational epitopes by examining mimotopes which model certain 3D features of Cas9, while computer modelling offers an alternative route to the prediction of epitopes of the protein. Although it has been shown that systems which predict B cell epitopes have limited specificity and accuracy [22, 23] , several conformational epitopes for SpCas9, SaCas9 and Cas9 from Campylobacter jejuni (CjCas9) have already been identified [24] using the DiscoTope2.0 [25] and the ElliPro [26] systems. These findings suggest that prior exposure to common human pathogens such as S. aureus and S. pyogenes should not be dismissed lightly as having the potential to derail efforts for genome editing in vivo.
This issue was addressed directly in a widely publicised study by Porteus and colleagues, published on a pre-print server in January 2018 that has yet to be peer reviewed. The study analysed cord blood from 22 donors and sera from 12 healthy adults and reported the presence of antibodies against SpCas9 and SaCas9 in 79% and 65% of samples respectively [27] . Accessing a far larger cohort of 200 human sera, Simhadri et al. subsequently reported similar findings, although only 10% of donors were found to be seropositive for SaCas9 and 2.5% for SpCas9 [28• •], such differences in frequency compared to previous estimates most likely being attributable to the sample size involved and the use of an ELISA as a readout, in preference to Western blotting. This suggests that the human immune system is routinely exposed to and mounts an immune response against these two homologues of Cas9 generating antibodies that could bind directly to the active site of the enzyme, sterically hindering interactions with the target DNA, or form immune complexes that would be actively cleared from the circulation. Although it might be argued that testing seropositive for neutralising antibodies to Cas9 might constitute an important criterion for exclusion from clinical trials of gene therapy, the high proportion of the population to which this might apply might prompt its re-assessment.
Evidence for Cellular Immunity to Cas9
Whereas the delivery of genes encoding Cas9 via viral vectors may help reduce the impact of humoral immunity on the efficacy of genome editing, transient expression of the nuclease in correctly targeted cells would be expected to result in presentation of proteasome-spliced epitopes via HLA class I, potentially attracting the attention of cytotoxic T lymphocytes (CTLs). Computer algorithms have been developed to identify potential epitopes of Cas9 based on the assumption that the higher the affinity of a peptide for the binding groove of MHC molecules, the greater the likelihood of peptide presentation and a subsequent T cell response [29] [30] [31] . Whereas such algorithms are reasonably accurate with certain HLA haplotypes [32] , for others, the algorithm does not perform as well [33] . Nevertheless, such models predict that the Cas9 protein contains many peptide sequences which may bind to common HLA class I and class II determinants.
That cell-mediated immunity might pose a significant threat to the integrity of genetically modified cells was recently supported by the findings of Wagner and colleagues who demonstrated pre-existing effector T cells specific for SpCas9 in healthy individuals [18••] . Challenging peripheral blood mononuclear cells (PBMCs) in vitro with recombinant SpCas9 revealed 96% of donors to be capable of responding with an effector T cell response involving the secretion of the pro-inflammatory cytokines IFN-γ, TNF-α and IL-2. Significantly, responding cells displayed an effector memory phenotype consistent with repetitive previous exposure to SpCas9. Furthermore, no such responses were obtained when using T cells purified from cord blood which would not be anticipated to show evidence of prior exposure to S. pyogenes infection. Similar findings were reported for SaCas9 by Charlesworth et al. [27] who showed that 46% of human peripheral blood samples contained antigen-specific CD4 + Th1 cells and CD8 + cytotoxic T cells, although, curiously, none specific for SpCas9 could be detected.
The relevance of these findings might be questioned, however, by a number of studies in animal models. For instance, Amoasii and colleagues successfully performed genome editing in a canine model of DMD but found little CD4 + or CD8 + T cell infiltration 6 weeks after intramuscular delivery of CRISPR-Cas9 via AAV or 8 weeks after systemic administration [34] . In contrast, Chew et al. showed both humoral and cell-mediated immune responses to Cas9 delivered to mice via AAV9 [20] . Targeted muscles showed infiltration of CD45 + cells, enriched for T cells and cells of myeloid origin, which were preferentially localised around transgeneexpressing myofibres: delivery of the same vectors without the Cas9 coding sequence failed to elicit infiltration. Nevertheless, T cell infiltration caused little detectable cellular damage, suggesting that the CTL displayed limited functionality; parallel findings have been reported previously for other transgene products encoded by AAV vectors [35] . One possible explanation for this apparent paradox may lie in the discovery of significant numbers of SpCas9-specific regulatory T cells (Treg) in the circulation of healthy individuals in addition to effector T cells. Their demonstrated capacity to suppress CTL activity [18••] suggests that the precarious balance between these cell types might determine the success or otherwise of genome editing in vivo, while providing a possible strategy for modulating the impact of pre-existing immunity to Cas9 in the future.
Toward Potential Solutions for Pre-Existing Immunity

Structural Modification of Cas9
One possible solution to the problem of pre-existing immunity is the 'humanization' of Cas9 by replacing portions of the bacterial protein with those of human origin in a manner similar to that routinely achieved for other biologicals such as monoclonal antibodies. Unfortunately, Cas9 has no human ortholog which significantly complicates this approach. In addition, it is widely recognised that humanised proteins may still retain some level of immunogenicity and may not, therefore, fully evade immune surveillance [36] . Another potential solution is 'epitope masking', which consists of identifying potentially immunogenic peptide sequences and modifying or removing them to prevent detection by the immune system while still maintaining the therapeutic function of the original protein [37] . This has been successful for B cell epitopes for the AAV vector [38] [39] [40] [41] and has been achieved in mice for the Cas9 protein [20] . Nevertheless, there are inevitably limitations to this approach. Targeting immunodominant epitopes has the potential to reduce their immunogenicity in some cases [42] but increase immunogenicity in others [43] . Furthermore, while protein function has been preserved for certain proteins that have undergone epitope masking, such as GFP, Pseudomonas exotoxin A [44] and β-lactamase [45, 46] , a similar outcome cannot be guaranteed for Cas9.
Another area for investigation is the potential to intervene in the presentation of epitopes of Cas9 through the inhibition of proteasomal degradation in a manner similar to that exploited by the Epstein-Barr virus (EBV). It has been shown that regularly interspersed alanine within the Gly-Ala repeat domain of EBV nuclear antigen 1 (EBNA1) inhibits ubiquitination and subsequent proteasomal degradation [47] [48] [49] [50] [51] , restricting the presentation of EBNA1 peptides. The introduction of such domains into the structure of Cas9 might likewise restrict its proteasomal degradation and presentation to CTLs via HLA class I.
Orthologs of Cas9 from Non-Pathogenic Bacteria
Another potential solution to the issue of immunogenicity may lie in the identification of orthologs of Cas9 from distantly related bacterial species that have no capacity to infect human hosts. Hundreds of CRISPRCas9 systems have already been discovered [52] which, in principle, could be tested with the appropriate computer models or phage display for the identification of T and B cell epitopes. Indeed, it may even prove feasible to create a sequential regimen of CRISPR-Cas9 therapies using orthologs with minimal predicted immunogenicity, a new ortholog being selected once immunity to previous variants has become established. Given the enhanced stability of GeoCas9 in human plasma [21•] , and that soil, thermal vents and oceanic sediment are the preferred habitat of G. stearothermophilus from which this particular ortholog is derived, prior exposure to the nuclease by potential recipients of genome editing would appear highly unlikely. Although, in practice, GeoCas9 may well prove as immunogenic as either SpCas9 or SaCas9, and is likely, therefore, to elicit primary immune responses in vivo, being non-permissive for human infection removes the spectre of pre-existing antibodies or antigen-specific T cells, facilitating at least one administration of RNP complexes prior to the establishment of entrenched immunity. In this context, the judicious use of immune suppression might prove beneficial, an approach which is less likely to yield benefits when delivering Cas9 into individuals already harbouring memory T and B cells and high titres of neutralising antibodies.
Immune Privilege
The principles of immune privilege might also be exploited in the service of genome editing by providing a microenvironment actively accommodating of foreign proteins such as Cas9. As the initial site to which food antigens and microbial proteins from the gut microbiota are transported, the liver constitutes an environment that is relatively immunosuppressive and is frequently the target organ of choice for delivery of viral vectors carrying transgenes, including Cas9. Importantly, presentation of antigen by liver sinusoidal endothelial cells has been shown to induce CD8 + T cell tolerance [53] : indeed, CD8 + T cells in the liver may demonstrate a reduced life span and are unable to mediate hepatocellular injury due to the loss of cytotoxic function [54] . Given that cytotoxic T cell activity is likely to be the most detrimental facet of adaptive immunity for genetically modified cells transiently expressing Cas9, the unique environment afforded by the liver has contributed significantly to the success of genome editing in vivo.
By virtue of the blood-brain barrier, the brain is also considered a powerfully immune-privileged environment and has, therefore, served as a convenient anatomical site in mice for the delivery of AAV vectors carrying a CRISPR-Cas9 cargo [55] . Furthermore, Staahl and colleagues injected a variant of Cas9 RNP engineered to express multiple SV40 nuclear localization sequences directly into the hippocampus, striatum and cortex of the brains of mice. Importantly, this route of administration failed to induce innate microglial responses, as evidenced by the lack of IBA-1 expression and failure to upregulate a panel of immunologically relevant genes as assessed by qPCR [56••] , implying that Cas9 had been smuggled into the brains of mice without registering on the immunological radar. While there is little doubt that such a strategy fails to offer a general solution to the issue of immunogenicity, it may, nevertheless, provide an approach to the treatment of various diseases of neurological origin.
Induction of Immunological Tolerance
While most therapeutic interventions seek merely to reduce immunogenicity, the induction of immunological tolerance to the Cas9 protein might, in principle, provide a permanent solution to the issues of immunity, facilitating in vivo genome editing, unencumbered by adverse immune responses. Prospects for establishing a state of operational tolerance have recently received support from Wagner and colleagues who showed that, in addition to effector T cell responses to SpCas9 in 96% of healthy individuals, antigen-specific Treg cells were also evident in the peripheral circulation and comprised between 11.0 and 71.2% of the total CD4 + T cell response to SpCas9. Importantly, this source of Treg cells displayed the ability to suppress the proliferative response of Cas9-specific effector T cells but not those specific for unrelated antigens derived from cytomegalovirus (CMV). Furthermore, they decreased CTL lysis of target cells expressing Cas9, albeit with only moderate efficacy [18••] . Given the prevalence of Treg cells within the circulation of individuals due to repeated prior exposure to S. pyogenes, strategies for the induction of tolerance that amplify this natural resource might provide a potential way forward.
One such approach involves the purification of autologous Treg cells from the peripheral blood of patients and their readministration following ex vivo expansion, thereby enhancing the numbers of Treg cells relative to their effector counterparts. Such a strategy has already proven successful for the treatment of inflammatory responses during the early stages of allograft rejection in kidney transplant patients [57] . In this study, Treg cells were polyclonal and non-specific: the expansion of SpCas9-specific Treg cells ex vivo from the recipients of gene therapy might, therefore, be anticipated to demonstrate far greater capacity for tolerance induction, the numbers of Treg cells that can be obtained having the potential to control even pre-existing immunity to Cas9. The preferential use of Cas9 orthologs from distantly related species of bacteria that fail to infect humans may circumvent the issues of entrenched immunity but would doubtless provoke primary immune responses without some form of immune intervention. In this context, the differentiation of dendritic cells from peripheral blood monocytes under conditions known to confer a tolerogenic phenotype might permit the presentation of SpCas9 epitopes to naïve T cells in advance of genome editing, resulting in their polarisation towards a Treg phenotype and participation in the induction of antigen-specific tolerance [58, 59] .
Conclusion
There is little doubt that exploiting the unique functionality of CRISPR-Cas9 offers unrivalled opportunities for genome editing in vivo, raising prospects for the treatment of numerous intractable disease states. Nevertheless, the recent demonstration that routine prior exposure to the microorganisms from which Cas9 is commonly derived is responsible for pre-existing immunity to the enzyme poses a significant threat to its use for downstream clinical applications. Clinical trials to date have focussed on the use of CRISPR-Cas9 to modify cells of the immune system ex vivo prior to their readministration [7] , thereby minimising the impact that circulating Cas9-specific T cells and antibodies might have on efficacy. The recent demonstration of genome editing of induced pluripotent stem cells (iPSCs) from patients with recessive dystrophic epidermolysis bullosa so as to correct causative mutations in the COL7A1 gene [60•] suggests that an ex vivo approach might be extended to the generation of numerous cell types by combining genome editing with induced pluripotency. Nevertheless, the delivery of Cas9 direct to defective cell types in vivo would doubtless constitute a more effective option for many congenital diseases. Such ambitions will, however, necessitate the development of approaches to limiting the impact of pre-existing immunity, for which an attractive strategy might be the expansion of Cas9-specific Treg cells, already prevalent within the circulation of individuals pre-exposed to common human pathogens.
